1 The role of glutamate in producing tissue damage during cerebral anoxia was investigated in brain slices using antagonists to the NMDA and AMPA receptor types. 2 Tissue function was assessed by field recordings of the synaptically evoked potentials elicited by stimulating the main afferent input to the olfactory cortex, the lateral olfactory tract. Anoxia was produced by bathing the slice in glucose-free solution equilibrated with 95% N2/5% CO2. 3 The amount of recovery of the evoked potential was inversely dependent on the period of anoxia and temperature: at 24°C, 15 min of anoxia followed by reoxygenation produced a 14.6 ± 4.1 % recovery whereas there was no recovery at 35°C. 4 Dizocilpine and ketamine had no effect on synaptic transmission in oxygenated media but following anoxia they produced an increased recovery of the responses: from 14.6 ± 4.1 % to 48.3 ± 7.8% for dizocilpine (10 AM) and 21.6 ± 7.7% to 87.2 ± 7.1% for ketamine (200,M) 
Introduction
A variety of changes take place in tissues during oxygen deprivation. The central nervous system is particularly vulnerable to ischaemia partly because of glutamate release (Benveniste et al., 1984; Rothman, 1984; Drejer et al., 1985; Sanchez-Prieto & Gonzalez, 1988; Nicholls & Attwell, 1990) which causes cell death (Choi, 1988; Frandsen et al., 1989; Meldrum & Garthwaite, 1990) . Under pathological conditions, glutamate acts on several receptor systems. For cell pathology, the most important of these is the N-methyl-Daspartate receptor type (NMDA) since it is coupled to voltage-dependent channels that are Ca2+permeant (Garthwaite & Garthwaite, 1986; McDermott et al., 1986; Choi, 1987; Michaels et al., 1990) producing Ca2" loading of the cell. This loading in turn activates several vigorous Caactivated enzymes including phospholipase, proteases and nucleases leading to cell death.
There has been an assessment of several strategies that might provide some protection of neural tissue during ischaemia and one of these is based on NMDA antagonists.
Several studies have found NMDA antagonists to offer some protection against ischaemia/anoxia (Park et al., 1988 ; Kochlar et al., 1988; Bielenberg, 1989) whilst in others, the protection has been small or absent (Perkins et al., 1988; Aitkin et al., 1988; Fleischer et al., 1989; Sterz et al., 1989; Lanter et al., 1990; McDonald et al., 1990) . Most studies on the pharmacology of neuroprotection have been in vivo. Such studies are best suited to the assessment of substances that might have immediate clinical application. However, there are a large number of variables than can contribute to the tissue damage so the mechanism of action of protective agents is ' Author for correspondence. more difficult to analyse. For example, in cerebral ischaemia, tissue damage might result from oxygen lack directly or from accumulated metabolites. Furthermore, since most in vivo experiments have been conducted over several days, the postischaemic changes might be secondary to gliosis or alterations in the blood brain barrier (Giulian, 1993) . Some of the problems encountered in vivo are circumvented in experiments with isolated tissues. Although most studies have concentrated on the microscopic changes after glutamate agonist insult some have looked to the effects of anoxia on evoked potentials in the hippocampus (Clark & Rothman, 1987; Rader & Lanthorn, 1989; Papas et al., 1993) . In the present study, we have assessed the effects of anoxia by following the changes in electrical activity in slices of rat olfactory cortex maintained in vitro. Two goals were in mind (a) to elucidate the mechanisms underlying the anoxiainduced cell death, and (b) to find substances that might provide tissues with some protection during anoxia. We show that some NMDA antagonists produce a substantial increase in the recovery of tissues following short periods of anoxia.
A preliminary account of this work has been published (Scholfield & Yassin, 1992) .
Methods
Female Sprague-Dawley rats of 200-300 g weight were decapitated and their brains removed. The brain was bisected along the mid-line and pial surface slices of olfactory cortex were cut to a thickness of either 350 pm for studies at 35°C or 450 ym for 24°C. The time between decapitation and placement of the slices in oxygenated bathing solution at 24°C was 3 min, a period too short to produce permanent changes in tissue responsiveness to electrical stimulation (see results). The two olfactory cortex slices were each subdivided along the axonal radiations into three, such that each had a length of lateral olfactory tract (LOT). The slices were placed in a 50 ml bath of Krebs solution contained within a sintered glass Buchner funnel. 95% 02/5% CO2 was supplied to the bottom of the funnel allowing the slices to be continually agitated in the bathing medium.
Individual slices were placed on a nylon mesh within a recording chamber (effective volume of 0.5 ml) and superfused with Krebs solution equilibrated with 95% 02/5% CO2 at 5 ml min-' by recirculation from a 50 ml reservoir. The connections were through silicon rubber tubing the length of which was minimized to avoid gaseous de-equilibration. The gas mixture was also blown over the surface of the recording chamber to avoid gaseous exchange with air. The reservoir was water-jacketed and the flow line immediately adjacent to the recording chamber contained a heat exchanger to maintain the recording chamber at either 240 or 350C.
A (Scholfield, 1980) 
Results
Stimulation of the LOT elicited a surface negative waveform which is the result of the release of acidic amino-acid (Collins, 1979) acting on x-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA) type receptors (Collins & Buckley, 1989) . NMDA receptors are present in olfactory cortex (Tacconi et al., 1993) and they may also be involved in synaptic transmission (Collins, 1991) Figure 1 but can be seen with both preparations in Figure 2 . The fibre potential is close to the stimulus artefact but it can be distinguished by comparing the response labelled 'anoxia' in Figure 2 where all the biologically generated responses had been lost. Without any experimental intervention, all the responses were maintained constant over a period of several hours. (Scholfield, 1980 (Scholfield, 1980; Richards, 1972 Figure 1 Single synaptically evoked potentials recorded from slices of rat olfactory cortex. In the upper traces (a), the slices was bathed in normal solution ('normal') followed 15 min in solution equilibrated with 95% N2/5% CO2 ('Anoxia') followed by normally oxygenated solution ('washout'). A time-course for a similar experiment is seen in Figure 3a . In the lower traces (b), another slice from the same animal was bathed in dizocilpine (10 pM) for 30 min before the period of anoxia and during the anoxia.
'S' indicates the point of stimulus application. On these traces, negative is upwards. 
Effect of dizocilpine
Application of 101M dizocilpine in normal oxygenated solution had no effect on the synaptic response (Figures 1 and 3) confirming that any involvement of NMDA receptors in this pathway is small (Collins, 1991 In one group of experiments, slices were exposed to varying periods of anoxia. For all periods of anoxia tested, there was an enhanced recovery in the presence of dizocilpine (Figure 4) . Thus in effect, the endurance of the tissue was increased by 5-6 min. As in normal solution, there was no further change in the amplitude of the response after 30 min in the recovery solution.
Effect of ketamine
Ketamine at 200 jM had no effect on synaptic transmission (Figure 2) : higher concentrations were not tested since they depress axonal responses (McGivern & Scholfield, 1990) . Nor did ketamine influence the depression produced by anoxia but like dizocilpine, the rate and the amount of recovery attained were substantially increased ( Table 2) .
Effect of APS
Both dizocilpine and ketamine block the channels associated with the NMDA receptor whereas AP5 was tested as a substance that competes with the NMDA binding site. It was tested at two concentrations, 50 and 200 jM. The lower concentration had no effect on responses in normoxic and anoxic conditions nor was the recovery significantly affected by its presence (Table 2 ). AP5 200 gM had two clear effects:
(a) alone it caused a depression of the response from 1.45 ± 0.23 to 1.24 ± 0.22 mV (a 16 ± 1% depression, n = 14); (b) following anoxia, it permitted a greater recovery in the response Table 2 ).
Effect of 7-chlorokynurenic acid 7-Chlorokynurenic acid is an antagonist at the glycine binding site (Kemp et al., 1988) . Under normoxic conditions, it produced a depressant effect on its own ( Figure 5 concentration-dependent between 20-200 gM. To test its effect on recovery, 50 jM was used and this depressed the evoked potentials from 2.35 ± 0.20 to 1.34 ± 0.12 mV (a depression of 42.3%: n = 14). 7-Chlorokynurenic acid (50 pM) also permitted a substantial increase in the recovery after anoxia (Table 2) .
Effect of DNQX
Neurotoxicity may also arise from non-NMDA receptors (Koh et al., 1990) . Therefore an antagonist to the AMPA receptor (DNQX) was also tested. At a concentration of 10 lM it depressed the synaptically mediated potential confirming the role of AMPA receptors in normal transmission ( Figure 6 ). After equilibration for 30 min with this antagonist, anoxia completely abolished the residual response. The DNQX was washed out at the same time as reoxygenation and the response recovered to a level similar to that in slices without DNQX pretreatment ( Figure 6 ; Table 2 ).
Effect of other agents
In some experiments above, there was a depression of the response by the test agent (e.g., DNQX and 7-chlorokynurenic acid) before the period of anoxia. We therefore tested the effect of a relatively non-selective depressant agent, lignocaine. As shown in Table 2 , there was a small but significant enhancement in the recovery provided by this agent. Although the NMDA channel antagonists were the most effective protectants, the degree of protection only extended the endurance of the tissue by around 5 min. Clearly, NMDA receptor activation is only one of probably a multiplicity of degradative functions in neural tissue. However, the present results do confirm the idea that NMDA receptors play an important part in the pathogenesis of cerebral anoxia.
